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I[. Introduction

During this reporting period (11-01-91 to 1-31-92). we have continued the stidy of the
performiance characteristics of the metal grating coupled hound-to-miniband (ITMY and
step-bound-to-miniband (SBTM) transition multiquantum well(MQW )/superlattice 15].)l e
barrier infrared (IR) detectors formed on the GaAs and InP substrates for 8 - 12 ;Y;\z\:g:c‘:l
plane arrays and image sensor applications. Specific tasks performed incinded: (1) designed
and grown several (BTM) GaAs- and (SBTM) InGaAs-based Q\VIP (quantum-well infraved
photodetector) structures by MBE technique, (2) [abricated the metal grating couplers on
the QWIP’s described in (1) with different granting periodicities (1.1, 3.2, 5, 7.2, and 10 ym)
and patterns (line and cross gratings), (3) performed theorctical and experimental study of
the light coupling quantum efficiency vs. grating periodicitics for the QWIP's, and (1) per-
formed theoretical and experimental study of the dark current vs. temperature for the GaAs

QWIP’s. Detailed results are discussed in Section 1. (\

We have grown two types of BTM and SBTM transition InGaAs QWIPs by using
the molecular beam epitaxy (MBE) technique. The SBTM QWIP uses a lightly strained
Ingo;GaggesAs quantum well with a short-period superlattice Alp GaggAs/GaAs barrier
grown on GaAs substrate, and the BTM QWIP uses an InP lattice-matched enlarged
Ing.47GagsaAs quantum well with a short-period superlattice Ing.sGagoaAs/IngzGag sz s
barrier grown on InP substrate. The results for the SBTM QWIPs showed that dark current
at 77 K was 10 times lower than the conventional QWIP reported in the literature. and the
BTM QWIP showed a largely enhanced intersubband absorption at 10.73 jun (demonstrated
for the first time in InGaAs). The detectivity for the SBTM Q\WIP structure measured at
Brewster angle was found to be 2.1 X 10" emv/Hz/WW at ¥4, =5 V and T = 63 K. To in-
vestigate the performance characteristics of the InGaAs BTM Q\WIPs, we have grown three
InP-based BTM QWIP’s structures with three dopant concentrations used in the InGaAs
quantum wells (i.e., undoped, 5x 10'". and 2x 10'® cm™3). Device fabrication on these wafers
is currently being undertaken, and measurements of the performance characteristies wiil be
carricd out in the nexte reporting period. To develop the planar metal grating couplers
for the top and back illumination on the Q\WIPs, we have designed and fabricated 8 new

phiotomasks with different grating patterns and periodicities. These new masks are currently
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being used in the proposed study of light conpling efficieney versus aratine pertodictiy in

Farge area QWIPs,
II. Achievements and Publications
Specific accomplishments and publications are summarized as follows:

2.1 Research Accomplishments:

¢ Performed a theoretical and experimental study of the light coupling quantum cfficiency
versus grating periodicities for the planar metal grating coupled GaAs/AlGaAs QWIDPs
under normal incident illumination. A peak coupling quantum cfficiency of 11 % was
obtained for the 5 um grating periodicity. Five different grating periodicitics with \ =

[.1. 3.2, 5, 7, and 10 yem were used in the present study, and the resuits are discussed

in Scction 3.1.

¢ Performed theoretical and experimental studies of the dark current versus temperature

and bias voltage in the BTM and SBTM QWIPs. The results reveal that thermionic

cmission is dominant current conduction mechanism at higher temperatures (e.g., T >
60 K) and the resonant tunneling current prevails at low temperatures (e.g.. T < 40
K). Excellent agrcement between our theoretical calculations and experimental data
was obtained for both detector structures. A paper on this study has been submitted

to Journal of Applied Physics for publication. Details of this study arc discussed in

Section 3.2.

¢ Performed cross sectional Transmission Electron Microscopy (TEM) analysis on several
BTM and SBTM QWIP structures. A typical cross sectional transmission clectron mi-

croscopy (TEM) photograph for an InGaAs quantum well/InAlAs-InGaAs superlattice

barrier QWIP is shown in Fig. 2.1.

o Performed the dark current. absorption, and photoresponse measurements on the
SBTM QWIPs. A reduction of the detector’s dark current by a factor of 10 over
the conventional QWIP has been achieved in this detector. The detectivity for this

SBTM QWIP measured at Brewster angle was found to be 2.1 x 10" ecmV///z/1V at

(3]



Vi=35Vand T = 63 K. A paper on this QWIP’s will he published in the Febroary

sxie of Appl. Phys. Lett. (1992).

¢ Designed and grown an InP lattice-matched InGaAs quantum well with short-period
superlattice InAlAs/InGaAs barrier QWIP structure with three different doping con-
centrations in the quantum wells. The intersubband optical absorption property in
this QWIP has been studied. A strong intersubband infrared absorption at room tem-
perature and A = 10.73 pum has been observed for the first time in this structure.
An intcgrated optical absorption strength of [4 = 19.5 Abs-cm_, was obtained at
the Brewster's angle 0 = 74.5°, which is about five times larger than that of the
conventional single bound-to-bound transition. The results clearly indicate that the
cnlarged quantum well and the broad miniband are superior for large infrared absorp-
tion and detection. A paper on the intersubband absorption in this detector structure
has been published in Appl. Phys. Lett, Nov. issue, 1991. To evaluate the perfor-
mance characteristics of this new detector structure, we have grown three Q\VIPs using
this structure with different doping concentrations in the InGaAs quantum well (i.c.,
undoped, 5 X 10'7, and 2.2 x 10'® cm~3). Device fabrication and characterization on
these three QWIP samples will be made in the next reporting period, and the results

will be discussed in the next quarterly report.’
2.2. Journal and Conference Papers:

1. Larry S. Yu and Sheng S. Li,“A Low Dark Current, High Detectivity, Grating Cou-
pled AlGaAs/GaAs Mulitple Quantum Well IR Detector Using Bound-to-Miniband
Transition for 10 um Detection,” Appl. Phys. Lett., 59 (11).p.1332, Sept.9 1991.

[
.

Larry. S. Yu. Sheng S. Li, and Pin Ho “Largely Enhanced Bound-to-Miniband Ab-
sorption in an InGaAs Multiple Quantum Well with Short-Period Superlattice In- I a
AlAs/InGaAs Barrier 7 Applied Physics Lett., 59(21), p.2712, Nov. 18, 1991. i !Dj

.....................

3. Larry S. Yu, Y. H. Wang, Sheng S. Li and Pin Ho,"A Low Dark Current Step-Bound-to-  ——=-—

Miniband Transition InGaAs/GaAs/AlGaAs Multiquantum Well Infrared Detector,” =
Appl. Phys. Lett., 60(8), 24 Feb., 1992. P A Z¥LE2 1
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Larry S. Y, Sheng S Li YL 1L Wang, and Y. C. Kao." A Study of the Conpiing Efii-
cieney versus Grating Periodicity in A Normal Incident GaAs/AlGaAs Multiquantum

Well Infraréd Detector,” submitted. J. Appl. Phys., Jan. 9. 1992

. Larry S. Yu, Sheng S. Li, and Pin Ho. = Obervation of Large lntra—su‘bb:m(l Absorption

in an InGaAs Multiple Quantum Well with Short-Period Superlattice InAlAs/InGa s
Barrier,” paper to be presented at the SPIE’S 1992 SYMPOSIUM on Quantum Wells
and Superlattices, Somerset, NJ, 23-27 March,1992. Paper to be appeared in conf.

proceeding.

. Sheng S. Li and Larry S. Yu,“A New Class of Bound-to-Miniband Transition I11-V

Multiquantum Well Infrared Detectors,” paper to be presented at the Conference on
Infrared Detectors and Focal Plane Arrays at OE/Aerospace Sensing 92, Orlando, IFL,,

April 20-24, 1992. Paper to be published in the conference proceeding.

2.3. Workshop and Conference

Dr. Li plans to attend thc Innovative Long-Wavelength Infrared Declcctor Workshop,
to be held in (JPL) Pasadena CA, April 7-9, 1992.

Dr. Li plans to attend and and present a QWIP paper at the International Conference

on Narrow Gap Semiconductors to be held at University of South Hampton. UK, July

19-23, 1992.

Dr. Li has been asked to give an invited paper at the [nternational IR Delector

Workshop, to be held in Vancouver, Canada, September 7-10, 1993.

2.4 Interactions with Industrial Research Laboratories

Continued collaborating with Dr. Pin Ho of General Electric Co., in Syracuse NY to
grow the III-V multiquantum IR detector structures for us by molecular beam epitaxy
(MBE) technique. The results so far have produced scveral journal and conference
papers. Several new QWIP’s have been grown rccently, and will be processed into

devices in the next reporting period for evaluation.



2. Continued collaborating with Dr. Y. (. Kao on the growth of quantnm-well [} detector
structures by MBE technique. We plan 16 continue this collaboration. and new design

will be sent to Dr. Kao to grow the new QWIP structures for ns.

3. Continued collaborating and exchanging technical information and IR detector papers
with Dr. Barry Levineof A T & T Bell Laboratories. \We have recently sent several of
our QWIPs samples to Dr. Levine for evaluation of the performance characteristics of
our QWIPs. We expect this collaboration and exchange of information to strengthen

in the months ahead.

ITI. Technical Results and Discussion

3.1 A Study of the Coupling Efficiency versus Grating Pecriodicity
In A Normal Incident GaAs/AlGaAs QWIP’s

A detailed study of the dependence of coupling quantum efficiency on the grating peri-
odicity of a planar metal grating coupled BTM transition GaAs/AlGaAs QWIP’s has been
made in this work. Five samples with different grating periodicitics of A = 1.1 , 3.2, 5, T,
. and 10 pm have been used in this study. The results showed that the device with a 5 gm
grating periodicity yiclded the best front side coupling efficiency, which is in good agreement
with our theoretical prediction. A single pass quantum cfficiency (n) as high as 11 % was

obtained for the front side illumipation at A, = 9.8 ym and T = 77 K.

There has been a considerable interest in the edge illuminated long wavelength quantum
well infrared photodetectors (QWIPs) and modulators in the atmospheric window of 8 - 12
pm!~1. Several studies on the phasec modulated reflection metal grating coupled QWIPs
and arrays using a back side illumination have been reported. '*='" Recently, we have
demonstrated an amplitude modulated metal grating coupled AlGaAs/GaAs QWIP with a
front normal illumination'~-2%, A thin (0.1 #m) metal grating contact structure is formed on
the detector surface to serve both as an effective infrared light coupler and as ochmic contacts.
The main advantage of using a mctal grating structure is that the vector of electric ficld on
the metal grating is always perpendicular to the metal surface:which is essential for enhancing

the intersubband absorption in the quantum well detectors. Using a 5 jum grating periodicity,
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o peak deteetivity D = 1.6 210" emyI1z/W has been obtained an A= X amand
= 77 K with front side normal illumination. ‘I'his simple but extremely uniformed planar
metal grating coupled structure is indeed highly desirable for nse in the large arca infrared

detector arrays and image sensors.

It is well known that clectric dipole matrix clement existing between the subbands of
a quantum well is relatively large. However. since only the component of IR radiation with
clectric field £, vector perpendicular to the quantum well layers will give rise to intersubband
transition in the quantum wells, no intersubband infrared absorption in the quantum wells is
expected in the ordinarily bare surface at normal incidence. Even tilted 73° at the Brewster’s
angle, due to the large refractive index (n = 3.3) of GaAs and the anisotropic character of the
absorption, only a small fraction, cos?(0g)/ sin(0g) = 9%, of the total transverse magnetic
('TM) ficld intensity can be absorbed. In fact, the practical net absorption is only about
4%. For a large and uniformed surface illumination, a textured diflraction surface. or metal
grating, is nceded to induce the perpendicular electric field component for intersubband

resonance?!,

The key parameter which controls the coupling quantum efficiecncy of a planar metal
- grating structure under normal incident IR illumination is the grating periodicity. In gencral,
the coupling quantum cfficiency is a strong function of the grating periodicity for a given
wavelength. The amplitudes of the transmitted waves and the diffracted angles could vary
significantly with a change of the-grating periodicity. Therefore, the performance of a QWIP
can be greatly influenced by varying the grating periodicity for the top contacts in the
detector. The purpose of this paper is to conduct a theorctical and experfmental study of
the relationship between the coupling quantum efficiency and the grating periodicity in a
norr.aal incident GaAs/AlGaAs quantum well IR detector at 8§ - 10 im wavelength range.
The results of this study should be useful for designing the normal incident metal grating

coupled QWIPs for long wavelength infrared focal plane arrays and scnsing applications.

The GaAs/AlGaAs QWIP structure was grown by using the molecular beam epitaxy
(MBE) technique. The growth sequence for the GaAs/AlGaAs QWIP’s structure started
with a 1.0 gm bulffer layer of n-GaAs (1.4 X 10'® crn=3) grown on a semi-insulating (S.1.)

GaAs substrate. This was followed by the growth of a 40-period of multiquantum wells



with alternating doped (n = 1.4 x 10 em =) GaAs quantium well laver width of 39 1 and
undoped Aly 125G ag =, As barrier layer width of 490 A. Finally, an n*-GaAs cap layver of 0.1
jim thick and dopant density of 2.0 x 10'® crn=? was grown on top of the multiquantum
well layer structure. To facilitate the photocurrent measurements, the mesa-ctched detector
arrays were made on the highly doped GaAs buffer layer. The arca of cach detector is 200
% 200 pum?. The ohmic contacts were formed by evaporating Au-Ge/Ni/Au filins on the
heavily-doped GaAs layers. A set of metal grating contacts with different periodicities of
1.1, 3.2, 5, 7, and 10 jun were deposited onto the n*-type GaAs cap layer by using clectron

beam evaporation to form the top ohmic contacts.

As shown in Fig. 3.1, it is assumed that the metal strips in the grating contact structure
have a large clectrical conductivity o and a negligible thickness (i — 0). The metal is
equivalent to a lossy dielectric with relative permittivity ¢ = 1 + io/c,w. When a normal
incident infrared light is impinging upon the grating surface, the corrcsponding transmission

magnetic ficld in the GaAs/AlGaAs quantum well region can be expressed by??
- “ .
Hi(y,z) = Toe** + 3y Tmcos(8mry/A)e'™™* (n
. m=}
where Tp is the zeroth order transmission coefficient, I',, is the Gamina function of order m,

and T,, (m = 1,2,.-.) is the high order transmitted wave amplitudes which can be written

as
Ko (k)K 4 (T2
T2 = (-1)" 2;‘2(1.();\-:([‘2:))‘, n=12-... (2)
Ty = ("l)'l l"+(k)(k+ r2n-l) 4 n=1,2,... (3)

(2" - l)zl‘,,....lx’.,([‘;,.-,) !
where ¢ is the transmission coefficient at the GaAs surface and K, is given by

w4y 2n

I\';' = (w-{-k)'I H T N e

(1)

The grating coupling equation for the forward-diffracted (transmitted) waves can be
written as®

n,ainl),("') = nosinl; — "—Il\:\-sind) : (5)

where ng and ny denote the optical refractive indices of layers above and beneath the grating

layer, respectively, and are given by no = /o and ny = /¢;. The cutofl periodicity A, for



the amth diffracted mode for a given incident angle 0 can be estimated by nsing the velation

=mA

‘f = .
BT it = ()

i m=10,1,2,... (63)

where A is the incident wavelength, ¢ is the diclectric constant of GaAs which is equal
to 10.7. Substituting [7?] into Lq.(6), the first three cutofl periodicities for the incident
wavelength of 9.8 jun under normal incidence were found to be roughly equal to 3, G, and 9

jun, respectively.

The angle dependence of the intersubband optical absorption cocfficient o as a function
of the mth diffracted angle 07 in the multiple quantum well layers can be found by using
the relation?!

cwopem® ]
a[0™] = /, cos? 0i™ (7)
ng ,’I'}lV wh

where mn” is the clectron cficctive mass for GaAs; i is the permeability; Ly is the cffective
width of the infinity potential quantum well which is slightly larger than the finite potential
well width; cis the speed of light in free space; [ is the relative transition probability hetween
the ground state and the miniband state which is given by
= [ dp A &)
0 (B3 = Ey = Egen — hw)? + (I'12)? |

where 2I'y3 is the intersubband full width at half maximum (FWIHM); (z) is the dipole

matrix clement; Ech is the exchange energy duc to the high doping concentration; fy2 is
the Fermi function given as fy 3 = [l = exp(Ey2 — E;)/kT]™'; E; is the Fermi level; k is the
Boltzman constant; £, and F; arc the energy cigenvalues of the subbands in the quantum
well, which can be found by using the transfer matrix method!®. For our present structure,
the parameters used in the calculation are: £ =96 meV, £; = 210 meV, Erop = 10 meV. [
= 102.8 meV, ny = 3.3, m* = 0.0665 my, Lpy = 62 A 20 =20meV,and T =TT K. Fig.3.2
shows the calculated angle dependence of the intersubband absorption coeflicient a(),0,)
under diffracted angles 0, = 90°, 50°, and 25°, respectively. The photocurrent responsivity

Ity of the multiquantum well IR detectors can he expressed as
el , ,
RA(A) = n(A) - =G, (A]IV) (9)

where ¢ is the electronic charge; G is the photoconductive gain; 1 is the detector’s quantum
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cllicieney which can be determined by using the expression

l ‘m ’/lou ,\ d P " |
y(AN) = ;Z—I—.,%)_I'[l — c[o" ’M)]L} (10)
- n -l

where [ is the total length of the superlattice absorption region. A factor of 1/2 in fromt of
the sammation above is included to account for the reduction of an unpolarized light source,
By substituting Eqs. (2), (3), and (6) into (9), we obtain a normal incident single pass
auantun efficiency of 11 %, 1.4 %, and 8.3% for the samples with grating periodicitios of 5,
7, and 10 yum, respectively, at the peak wavelength Ay = 9.8 pm and operating temperature 'I'
= 77 K, When an incident light is polarized along the direction perpendicular to the grating
strips, the quantum cfficiency will increase by a fact of two, which yiclds 5 = 22 % for a 5
jm grating coupled IR detector under the front side illumination., We shall next discuss the

results of our measurements on these QWIPs samples,

Figure 3.3 shows onc of the fabricated planar grating patterns, which has a grating
periodicity equal to 5 um. Measurements of detector performance and characteristics were
made in a close-cycled liquid-helium cryogenic dewar. The photocurrent was measured as
a function of temperature, wavelength, and applied bias, using a CVI Laser Digikrom 240
monochromator and an ORIEL ceramic element infrared source. Due to the very large device
resistance and very small values of dark current /4 present in the device at 77 K, the short-
circuit measurements were used to determine the photocurrent /412, Since the metal surface
only has a normal clectric ficld vector, the z-component of the IR radiation, &, is.zero in the
highly conductive regime. Therefore, the IR beam is spatially modulated in the near field of
the grating, and has a z- component of the electric ficld €, which can induce perpendicular
excitation of intersubband resonance. It is noted that the optimal grating periodicity is
obtained for a grating periodicity which is neither too small nor too close to the incident IR
radiation wavelength. We have found that a grating periodicity of A = 5 jum gives the best
front coupling cfliciency, followed by 10, 7, 3.2, and 1.1um. This is illustrated in Figure 3.4
for the grating enhanced intersubband excitation at normal incidence, The peak wavelengths
was found around 9.8 jun with its cutoff wavelength around 10.8 pm at T = 77 K. The
backside illumination experiment was conducted by illuminating the infrared light thronugh
the S.1. GaAs substrate surface. The results revealed that the measured responsivities for

the tested samples are quite similar to those of the front illuminated samples for most of

)



the grating periodicitios, However, the results also showed that the 7 pm grating periodieity

yielded the best coupling efficiency for the backside illumination,

We also measured the angle dependence of the photocurrent in onr grating conpled
GaAs/MGads quantum well IR detectors.  Figure 3.5 shows the relative photocnrrent as
a functions of the incident angle 0, for the detector using o 5 pom grating coupler, Similar
measurement was also performed for the device with a T i grating coupler, and the result
is shown in Fignre 3.6, The relatively slow variation with respect to the incident angle
indicates that there are more than one higher order modez passing through the grating slit
and propagating into the quantum well layers, or the first transmitted TM mode is far from
the cutoff frequency. The results further suggest that the high conducting metal strip grating
can be used effectively not only as a high-efficiency transmission coupler for front side normal

illumination but also as an efficient reflection coupler for the backside illumination.

The advantages of using the front surface grating structurce include: (1) it can eliminate
the undesirable cross-talk in the detector arrays and clear the infrared image from the cffect
of multiple images; (2) the planar metal gratings, unlike deeply ctched spatial gratings,
offer extremely thin and smooth surface quality, which is good for surface passivation and
antireflection coatings; (3) the planar structure is also highly desirable for large integration
and high-speed applications; (4) the strip-metal grating coupler structure does not need
extra cpitaxial layer (whose thickness is usually much larger than the active iulti-quantum
well layer itself) for chemical etching. Therefore, it can significantly cut down the molecular
beam cpitaxy (MBE) growth time and material exhaustion. Therefore, a new type of low
cost, high yicld, and large area long wavelength infrared detector array can be realized by

using our metal grating coupled GaAs/AlGaAs MQW detector structure.

In conclusion, we have performed a detailed theoretical and experimental study on
the effect of grating periodicity on the coupling quantum cfficiency in the normal incident
planar metal grating coupled GaAs/AlGaAs quantum well IR detectors in the 8 - 12 yim
wavelengths, The dependence of the responsivity and quantum cfliciency on the grating
periodicity for these IR detectors have been investigated. The results showed that the optimal
grating periodicity for these MQW IR detectors is about 5 pm for the front side normal

ilumination and 7 jun for the backside illumination case. A single pass quantum effliciency

10



as Wigh as 11 % has been achieved for the 5 s grating coupled GaAs/AlGaAs MQW infrared
detector, whicl is in good agreement with onr theoretical prediction. The advantages of high
uniformity, low cost, high yield, and climination of cross-talk offered by using a planar metal
grating coupler structure are essential for developing high quality GaAs/AlGaAs QWIP

arrays and image sensors for long wavelength infrared applications.
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InAlAs/InGaAs
(30/46A) SL layers

InGaAs (110 A)
A quantum-well

Fig.2.1 Cross sectional transmission electron microscopy (TEM) photograph for
an InGaAs (110 A) multiquantum wells with short-period InAlAs (30 A)-
InGaAs (46 A) superlattice barrier QWIP's.
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Figure 3.1 Configuration of a front incident strip metal grating coupler on a GaAs/AlGaAs

multiple quantum well IR detector structure: (a) side view showing the grating peri-

odicity A and diffraction angle 0;, (b) top view of the grating modulation planes with

alternated high conductivity (o)) and low conductivity (o7) regions.
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Figure 3.2 Calculated diffraction angle dependence of intersubband absorption aff](em=1)

in the multiple quantum well layer.
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Figure 3.3 Top view of the fabricated AuGe/Ni/Au metal grating pattern with a 3 “m

eriodicity and a 200 x 200 pm? area for front side light coupling and ohmic contact.
p I g pling
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Figure 3.4 Measured relative responsivity versus grating periodicity for five different grat-

ing periodicities (1.1, 3.2, 5, 7, and 10 gm, respectively) at T = 77 K.
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3.2 Theoretical and Experimental Studies of Dark Current in the QWIPs

In a quantum well infrared photodetector (QWIP’s), the dark current may be arised
cither from the thermionic emission or tunneling conduction. and must be kept very low in
order to achieve excellent signal to noise ratio performance in such a detector. Thercfore.
it is extremely important to be able to predict the bias and temperature dependence of the

dark current in a variety of long wavelength QWIPs.

In this section we report the theoretical calculations of the dark current as a function of
temperature and bias voltage in two types of QWIPs. These include th¢ conventional bound-
to-continuum band (BTC) and the bound-to-miniband (BTM) transition GaAs/AlGaAs
multiquantum well infrared detectors (QWIPs) {1-5]. A comparison of the calculated and

the measured dark current values for both types of QWIPs is discussed in this section.

To calculate the dark current of a BTC QWIP composed of a 20-period multiquantum
wells having a well width of 40 A, a 480 A barrier width, and a doping density in the well of
Ny =1.4x10¥cm=3 ( referred to as sample A), we shall first determine the effective number
of electrons n(V) which are excited out of the quantum well [1-2]:

-

n(V) = (e
]

) [~ HET «TdE, (1)

where L, is the barrier width, {(E) is the Fermi distribution function, n(V) accounts for both
the thermionic emission above the barrier and the thermionically assisted tunneling through

the miniband. The dark current of a QWIP is given by
(V) =n(V)er(V)A (2)

where e is the electronic charge, A is the device area, and v(V) is the average electron
velocity, which is field dependent and can be expressed as

{ 's 0 4
o(V) = ! 81::5(/85/54) 3)

where £ is the electric field, i is the electron mobility, and £, is the critical field. For GaAs.

p=38,000 cm?/V.s., v, =7.7x 10¢ em/s. and €, = 4 x 103V /cm.

For the bound-to-miniband (BTM) transition GaAs/AlGaAs QWIP’s (referred as sam-

ple B, as shown in Fig.3.7), the dark current is dominated by the thermionically assisted
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tunneling conduction through the miniband inside the quantum well and supe rlatiice h.mx« r.

whereas the thermionic emission above the superlattice barrier is negligible beeause of !hc
high barrier (~ 390meV) for the BTM QWIP. To find the net tunneling current. we apply
the formulism [6-S] of multibarrier tunneling to this QWIP's. The current density J may be
computed as the average of the product of the transmission probabiiity T =T and the group
vciocity, v(k) = k™' <74 E, which is given by

, (JL
J—w,f"dk,/”dl.[fw)-frnz o (1)

The transverse components of J are equal to zero by svmmetry requirement [6]. Using
separation of variables, the product [T = T| is only a function of the longitudinal energy [3],

-and the longitudinal component of J becormes
47.'qm'kT/°“ L+ erpl{Ey = E1)/AT]
= — « Tl :
i 3 T e T (B, = Er = qVi) R

where V, is the bias voltage across one period of superlattice barrier layer. Although vari-

dE; (3)

ations of material properties with transmission cocfficient T may cause a temperature de-
pendence of T = T, it is far less sensitive to temperature comparing to the carrier cnergy
distribution function, which is given by

1 -+ exp[(E, - 1)/ kT

4rqm
g(E,V) = [ (l + erpl(Ey — Ep — gVo)/KT) )]. ©

Since the tunneling process involves states in the partially filled. quasi-continuous con-
duction/valance bands, g(E,V) may vary more strongiy with temperature. This variation is

one of the main effects which governs the temperature behavior of the dark current in the

QWIP?s.

The bound-state energies of a one-dimensional finite potential well can be solved by
using the time-independent Schroedinger equation. The solution in cach region may be

written as

b = ¢?c-;(a.+u,:) + L,:,'_-ci(.\;-ik;x) (7)
where
Ay = Ay=0.
Ai = ki(dy+dat - +diny);
i=3,4,--- Kk = )—"'—(E—‘ ) - (8)
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where o7 and o7 represents the amplitude of the wave propagating along the = and —r

directions. respeetively., Continuity of the wave functions and its derivative at cach interfice

givees {4)]

/ W Wt
Wy . h'a . I
- "—'-S| - =5|‘52 _’_
'y L iy
» li'
=..=55 Sy (9)
4
where
1 e~b  piemh
Sv' = 'l" » ” ’ 61' = k,{/,‘
i\ riem% e
S ki = kigy
' ki + kigy
2k,
l, = (10)

ki 4 kiyy
If we assume region N as the ohmic contact and ¢y =0, then we can caleulate the wave

function in any regions of the device in terms of ¥F. Thus, the transmission probability can

be written as 2

L)

where ¢} is the wave function of an clectron tunneling into the mth quantum well of the

QWIP.

v+
TeT = /’: (11)

Figure 3.8 and Fig.3.9 show the transmission probability T = T versus electron energy
under different bias conditions for sample A and sample B, respectively. In the calculations of
dark current we have assumed that the field is uniformly distributed over the low-conducting
superlattice (SL) barrier layer regions. The voltage (1) cross cach period of superlattice
is assumed equal to the bias voltage V divided by the number of SL period. It is obvious
that for sample A at low bias (V <1 V) most of the carriers arc escaped from the quantum
wells into the continuum band over the top of the barrier, whereas for sample B the dark
current is due to carriers tunnelling through the miniband inside the guantum wells and the

superlattice barrier layer.



-

Fignre 3,10 shows the measured dark eurrent as a function of temperature and bias volt
age for sample 13 with an area A =4 X 10" e and doping concentration Ny = 20!,
Note that a negative differential conductanee was observed for temperature Lelow 55 K,

implying that resonance tunneling current is significant at very low temperatnres,

The caleulated and measured dark current for sample A and sample B are shown in
IFig.3.11 and Fig.3.12, respectively. In the calenlation, we assumed that the electron mean
free path was long enough for carriers to traverse several periods without losing coherence
due to scattering and neglected its field dependence. At low bias the dark current [y is

expected to increase exponentially with temperature [10] and can be expressed by
-AF
lg x c.'tp(—ﬁ,—) (12)

where AE is the thermal activation encrgy. In order to confirm this dependence, the [y va.
V curves shown Fig.3.11 and Fig.3.12 were replotted as a function of temperature, and the
results were shown in Fig.3.13 and Fig.3.14 for VV = 0.1 V , respectively. From the slope of
this plot we found AE = 105.4 meV for sample A and AL = 99.8 meV for sample BB, Ax

expected, both AE are in good agreement with that obtained from Fig.3.8 and Fig.3.9.

Although results of our calculations presented in this section showed reasonable agree-
ment with that of the cxperimental data, further study such as high field plienomenon,
carricr transport mechanism is needed in order to precisely predict the dark current in the
Q\WIPs, and hence allow us to optimize the device parameters. Our next step is to accurately
calculate the parameters of a step-bound-to-miniband (SBTM) QWIP by modifying the pa-
rameters for a real device, and design new QWIP's structures by optimizing the predictable

parameters,
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Figure 3.8 The calculated transmission probability T'x T versus electron energy under dif-

ferent bias conditions for the bound-to-continuum band (BTC) GaAs/AlGaAs QWIP's
(sample A).
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Figure 3.10 The measured dark current as a function of bias voltage and temperature for

the bound-to-miniband band (BTM) GaAs/AlGaAs QWIP’s (sample B).

28




DARK CURRENT (A)

qortt— 0 v 0y

0.0 0.4 0.8 1.2 1.6 2.0
VOLTAGE (V)

Figure 3.11 The measured and calculated dark current as a function of bias voltage and

temperature for the bound-to-miniband band (BTM) GaAs/AlGaAs QWIP’s (sample B).
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Figure 3.12 The measured and calculated dark current as a function of bias voltage and

temperature for the bound-to-continuum band (BTC) GaAs/AlGaAs QWIP’s (sample A).
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